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Jordan Valley overview 

ÅJordan Valley Semiconductors (JVS) develops and 
manufactures X-ray based in-line metrology and 
inspection solutions for the semiconductor industry 

ÅProvide innovative solutions for a wide variety of 
materials, process and structure challenges 

ÅRange of X-ray techniques including: XRF, XRR, 
(HR)XRD and XRDI  

ÅTools provide fully automated measurements, 
analysis and reporting and support semiconductor 
production and R&D activities worldwide 
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Jordan Valley overview (cont.) 

ÅPrivate company 

ÅEstablished 1982, HQ in Israel 

ÅGlobal presence 

Å> 180 employees  

ÅManufacturing and demo sites (Israel & UK) 

ÅLocal sales & support offices in strategic locations 
(US, Taiwan, Korea, Singapore, Europe) 
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ÅTools: JVX7300 series 

ÅChannels: XRF, XRR and HRXRD 
Applications: 
o 7300HR: SiGe & Si:C on bulk or  

(FD)SOI, various ALD films, HKMG  
stacks, silicidesΧ 

o 7300LSI: Ge and III/V on Si for  
sub-10 nm, HKMG, FinFETs,  
GaN-on-Si, MEMS 

o 7300F(R): Metal / magnetic films, WLP 

o 7300G: Ultra-thin films and 3D devices 

ÅIn-line tools for silicon semiconductor 
device manufacturers for process control 
of product wafers   

 

 

 

 

Silicon semiconductor metrology tools 
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JVX7300LSI 
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What can HRXRD give us, who uses it  
and for what? 

ÅHigh-resolution X-ray diffraction (HRXRD) provides a 
wealth of information about epitaxial materials 
ÅCrystal lattice misfit/strain, tilt and defectivityκǉǳŀƭƛǘȅΧ 
ÅComposition and thickness of planar films  
ÅShape and lattice distortion in patterned structures 

ÅIt is first-principles (no calibration) and non-
destructive characterization and metrology technique 
ÅDoes not require material/process dependent optical 

constants 
ÅAccurate and precise with very few assumptions 

ÅHas been used for 30+ years in the compound 
semiconductor industry for a wide range of materials 
(III-V, III-nitride, II-±LΧύ ŀƴŘ ŘŜǾƛŎŜǎ ό[95ǎΣ ƭŀǎŜǊǎΣ /t±Σ 
ŘŜǘŜŎǘƻǊǎΧύ 
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What can HRXRD give us, who uses it  
and for what (cont.)? 

ÅIntroduced into the Si industry 
with strain engineering for 
sub-100 nm logic devices  
ÅEpitaxial SiGe S/D stressors for 

PMOS mobility enhancement  
ÅAlso Si:C / Si:P S/D stressors for  

NMOS, but less widespread 

ÅUsed for R&D, CVD chamber 
qual., process diagnostics / 
ramp and in-line metrology 
ÅSolid metrology pads less 

relevant / not available 
ÅTransition from planar to 3D 

(FinFET) devices 
ÅNovel channel materials, 

e.g. SiGe, Ge and III-V for sub  
10 nm nodes  

 
April 14, 2015 

Source: A. SteegenΣ ά[ƻƎƛŎ {ŎŀƭƛƴƎ .ŜȅƻƴŘ мл ƴƳέΣ 
IMEC Technology Forum US (July 2013) 
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Principle of X-ray diffraction based  
stress/strain analysis 

April 14, 2015 

ÅX-Ǌŀȅ ŘƛŦŦǊŀŎǘƛƻƴ ǳǎŜǎ ǘƘŜ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜ ŀǎ ŀ άǎǘǊŀƛƴ ƎŀǳƎŜέ 

ÅThe relation between the lattice parameter and diffraction angle 
ƛǎ ŘŜŦƛƴŜŘ ōȅ .ǊŀƎƎΩǎ ƭŀǿΣ ςὨÓÉÎ— ὲʇ 

ÅMost sensitive stress/strain analysis method for semi. (ITRS 2011) 
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²Ƙŀǘ Řƻ ǿŜ ƳŜŀƴ ōȅ άƘƛƎƘ-ǊŜǎƻƭǳǘƛƻƴέΚ 

ÅEpitaxial films and structures have a high degree of 
crystalline perfection 

ÅThe features (peaks and interference fringes) in the 
diffracted X-ray intensity from epilayer-substrate material 
systems are very closely spaced 
Åangular range of a few degrees at most 

ÅHigh-resolution is needed to resolve these features 
ЎὨ

Ὠ

Ўʇ

ʇ

Ў—

ÔÁÎ—
 

ÅHigh-resolution usually means highly collimated and 
monochromatic X-ray beams and precise goniometry 
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High resolution XRD setups 

April 14, 2015 
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ÅMost common setup uses a parallel beam and point (0D) detector 
ÅSource and detector angles scanned using a motorized goniometer 

ÅLarge (mm) and small (~50 um) spot configurations are available  

ÅJV also developed an innovative small-spot, focused beam HRXRD 
approach for fast in-line measurements 

 



12 Frontiers of Characterization and Metrology for Nanoelectronics 2015 

Common Bragg diffraction geometries and 
anatomy of a HRXRD curve 

April 14, 2015 
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ÅSymmetric Bragg geometry is sensitive to lattice parameter 
perpendicular to the surface  

ÅAsymmetric geometries are also sensitive to the lattice parameters 
both parallel and perpendicular to the surface 
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Example: Fully strained SiGe epilayer 

April 14, 2015 

Symmetric 004 reflection from 22.5 nm 
epitaxial film of Si1-xGex with x = 49% on a 
Si(001) substrate 

ÅComposition / strain 
determined from measured 
lattice misfit 

ÅMisfit normal to surface 
from layer peak position 
ЎὨȾὨ ЎÃÏÔʃ  

ÅThickness from interference 
fringe period 

ὸ ʇȾςЎ ÃÏÓʃ ) 

ÅNo dependence on uncertain 
materials parameters 
  

Measurement 
Simulation 
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Example: Fully strained Si:C epilayer 

ÅSi:C and Si:P can be used as 
source/drain stressors for 
NMOS transistors  
ÅComposition and thickness 

metrology possible using 
HRXRD due to large strain  

ÅMetrology is challenging 
using SE because of very 
low concentrations 

   
Symmetric 004 reflection from a 101.1 nm 
epitaxial  film of Si1-xCx with incorporated  
x = 1.4% on a Si(001) substrate 

Measurement 
Simulation 
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More complex SiGe/Si examples 

ÅMore complex stacks give 
rise to more complex 
interference effects 

ÅMeasured data can be  
automatically fit to  
dynamical X-ray diffraction 
theory by refining the 
parameters of a structural 
model 

 

April 14, 2015 

Periodic superlattice structure:  
[8.2nm Si0.9Ge0.1/ 22.4nm Si]Ĭ5 
on a Si(001) substrate 

NIST SRM2000 standard: 
23.7nm Si/ 48.2nm 
Si0.84Ge0.16 on Si(001) 
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Lattice deformation in epitaxial thin-films 

ÅIf the lattice mismatch to the 
substrate and/or thickness is small, 
then an epilayer can be strained so 
that the in-plane lattice parameter 
is equal to that of the substrate 
(fully strained) 
ÅTetragonal distortion of the unit cell 

ÅFor large mismatch or thickness, it 
may become energetically 
favorable to relax 
ÅCreation of dislocations and/or 

roughening  

Χ ƳƻǊŜ ƻƴ ǘƘƛǎ ƭŀǘŜǊ 
Misfit  
dislocations 



17 Frontiers of Characterization and Metrology for Nanoelectronics 2015 

Comparison of HRXRD data from strained 
and relaxed SiGe epilayers 
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ÅDegradation of device 
performance and yield loss 
ÅRelaxed material has about 

50% less strain than a 
pseudomorphic layer   

ÅRelaxed material will contain 
dislocations at the interface 
and in the layer  - increased 
leakage? 

ÅHRXRD provides a unique, 
automated solution for strain 
metrology and assessment of 
lattice defectivity 

 No interference fringes 
ά¢ǊƛŀƴƎǳƭŀǊέ ƭŀȅŜǊ ǇŜŀƪ 
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Diffraction in reciprocal space -  
Ewald sphere and Laue condition 

April 14, 2015 
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Å Scattering vector Ἕ ἳᴂ ἳ has magnitude Ἕ ςÓÉÎ— ς“ʇϳ 

Å Reciprocal lattice vector G has magnitude ἑ ς“Ὠϳ  

Å Laue condition Ἕ ἑ ƛǎ ŜȄŀŎǘƭȅ ŜǉǳƛǾŀƭŜƴǘ ǘƻ .ǊŀƎƎΩǎ ƭŀǿ 
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Fast reciprocal space mapping - FastRSMs 

ÅLinear (1D) detector replaces analyzer crystal / slits and point (0D) detector 
and allows routine RSMs to be measured in the fab  

Å{ƛƳǳƭǘŀƴŜƻǳǎƭȅ  ƛƴǘŜƴǎƛǘȅ ŀŎǉǳƛǎƛǘƛƻƴ ƻǾŜǊ ŀ ƭŀǊƎŜ ǊŀƴƎŜ ƻŦ нʻ ŀƴƎƭŜǎ 

Åx10-100 faster than conventional approach (minutes not hours) 

ÅProvides more information than available by single HRXRD curves 

ÅAutomated RSM analysis for epi. process development and control of thin-
films and patterned nanostructures 
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Sample

Mirror Linear 
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RSMs from fully strained epitaxial thin-films 

April 14, 2015 

ÅLayer peak position gives 
the lattice parameters 
Ўὥ ὥ̂ϳ Ўὒὒϳ  
Ўὥȿȿὥϳ ЎὌ Ὄϳ  

ÅComposition and 
relaxation can be obtained 

ÅPeak in the asymmetric 
RSM is located at H = 1 
indicating the layer is fully 
strained (ὥ ȟȿȿ ὥ ) 

ÅThickness fringes are 
visible in the L direction  
ὸθ ρȾЎὒ  

004 113ge 

37.6 nm Si0.81Ge0.19 on Si(001) 
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SiGe 
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RSMs from relaxed epitaxial thin-films 

April 14, 2015 

ÅSiGe peak is shifted away from H=2 in the asymmetric 224ge map 
indicating relaxation  (ὥ ȟȿȿ ὥ ) 

ÅPeak is broadened due to dislocations, ύὌȾὌᶿρȾЍ” 

004 224ge 
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RSMs from strained thin-films on  
strain relaxed buffers (SRBs) 

April 14, 2015 

004 224ge ÅGe peak is shifted away 
from H < 2 in the 
asymmetric 224ge map 
indicating relaxation   
(ὥ ȟȿȿ ὥ ) 

ÅGeSn peak is not shifted 
in H wrt to Ge peak 
(ὥ ȟȿȿ ὥ ) 

ÅComposition and 
relaxation of each layer 
can be obtained 
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Patterned epitaxial nanostructures 

April 14, 2015 

ÅIn blanket epitaxy you have 
simple biaxial stress 
ÅBlanket pads are less relevant 

and / or no longer available 

ÅIn epitaxial nanostructures 
you have 
ÅMicro-loading effects in 

selective growth 

ÅStress-state is far more 
complex, i.e. elastic 
relaxation of the epi and 
distortion of the substrate 
lattice  
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ÅFins act as a diffraction grating, ὖᶿρȾЎὌ  τςȢς πȢυ nm 

ÅX-pattern is characteristic of trapezoidal features,  ω ρЈ 

ÅEvidence of significant pitch walking error from SDP lithography 

ÅStrong half-order GTR peaks (corresponds to 2 x pitch), Ўὖ υ πȢυ nm 

RSM from Si fins made using spacer double 
patterning (SDP) lithography 
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RSMs from epitaxial SiGe fins 
Symmetric 004 reflection 

Si 

SiGe 

ÅH-spacing of the GTRs gives the pitch, ὖ τς nm 

ÅComponents of the strain tensor can be determined from intensity 
envelopes by measuring asymmetric reflection at different azimuths 


